An experimental setup and ion diagnostic method for laser-induced fuel removal and decomposition of co-deposited layers on plasma facing components from tokamaks are described. Nd:YAG 3.5 ns pulse laser with a repetition rate of 10 Hz and single-pulse energy of up to 0.8 J at 1.06 µm has been used for irradiation of a graphite limiter tile from the TEXTOR tokamak. Comparative studies have been performed for a pure graphite plate as a reference target. Energy of emitted ions has been measured using a time-of-flight method. Early results show that laser pulses efficiently ablate the co-deposit removing both fuel species and heavy components such as Si, Ni, Cr, Fe and W present in the layers. Surface topography of the irradiated targets is also presented.
Introduction
The present choice of plasma facing materials (PFMs) for ITER comprises beryllium for the main chamber wall and port limiter, tungsten for the upper vertical divertor target and dome, and carbon fibre composites (CFCs) for the lower vertical target, i.e. for the strike point zone [1] . The use of carbon is related to good thermomechanical properties of CFC although the presence of this element can lead to the fuel accumulation by co-deposition [2] [3] [4] [5] . The most significant inventory may be expected in remote areas shadowed from the direct plasma impact, as observed at JET [6] [7] [8] . Such massive accumulation of fuel would have a serious impact on the safety and economy of the ITER operation. Based on the experience gathered following the full deuterium-tritium campaigns in carbon-wall devices, e.g. TFTR [9] and JET [10] , a development of reliable and efficient methods of fuel removal is indispensable. Until now, several in situ and ex situ techniques have been tested. The first group of methods is based on tokamak discharges in D 2 fuelled plasma, H and He glow discharge in order to induce the isotope exchange [10] . Venting with oxygen aims at the conversion of fuel into tritiated water which-on the other hand-is difficult to handle. Several ex situ methods are being developed and tested in laboratories. They rely mainly on cleaning PFM by photons (laser or flash-lamp light) or plasma torches. Laser-induced ablation is used for removal of the whole co-deposit [11] [12] [13] [14] . The fuel removal efficiency is usually satisfactory, but the composition of products formed under power deposition and the surface state of the irradiated target is also important. Studies recently undertaken in this field will be presented below. The main focus of this paper is on the surface layer characterization by the diagnosis of ionic species emitted from the laserirradiated co-deposits on a limiter tile from the TEXTOR tokamak. 
Experimental
The experimental setup is shown in figure 1(a) . The system is composed of a large vacuum chamber, a target holder attached to a linear manipulator, a laser and an array of ion detectors. The total current of ions emitted from the target is measured with ion collectors (ICs), whereas the determination of ion mass and energy has been performed with an electrostatic ion energy analyser (IEA). They are placed at a distance of 71 cm from the target. Figure 1(b) shows schematically the detector array and its location with respect to the target. The measurements are carried out in a time-of-flight mode [15] and the signals are recorded with a digital oscilloscope. In this arrangement the current signal from ICs and IEA is converted using the load resistor (50 ) to the oscilloscope voltage signal. All signals shown in this paper are the oscilloscope voltage signals. The system detects ionized species, but it is insensitive to neutrals generated during the ablation process. The pressure inside the experimental chamber and the IEA is about 5 × 10 −6 torr. The irradiation has been performed using a repetitive Nd:YAG laser generating 3.5 ns pulses of energy of up to 0.8 J with adjustable repetition rate up to 10 Hz at the wavelength of 1060 nm. The laser beam is characterized by the 'top hat' spatial beam profile, and beam divergence less than 0.5 mrad (for more details see information about NL303HT laser model at www.eksma.com). Single-pulse irradiations or series of shots could be performed. The beam-to-target angle was 21
• . The power density of the laser beam on the target surface was set using a focusing lens thus enabling the change of the beam spot diameter. The lens could be mounted either inside or outside the vacuum chamber. The irradiation has been done with a non-focused beam (1 cm in diameter) or with medium (4-6 mm spot) and sharp focusing (2 mm spot). The corresponding power densities have been in the range from about 3 × 10 8 W cm −2 up to almost 1 × 10 10 W cm −2 . Single pulses and series of shots at sharp focusing were performed mainly to examine the composition of high-Z species present on the limiter tile. Other types of focusing were applied to optimize the conditions for the removal of deuterium from co-deposits, i.e. to find the energy density and a number of shots required for the fuel removal. The problem encountered during experiments with series of shots was a progressive saturation of the IEA signals when the laser was operated in the repetitive mode. Therefore, the results presented in section 3 are for single irradiations performed first for 'as delivered' surfaces and then after a series of pulses.
Peak energy of ions (E i ) (in eV units) and the total flux of given ions i n i could be derived from the IC signal using the equations:
and
where I is the ion current, δ the empirical re-emission coefficient dependent on the charge and velocity of ions, S is the surface area of the collector, v the velocity of ions, e denotes the electron charge, n i the concentration of ions on a given ionization state (Z ), t p is the time-of-flight, L targetto-IC distance and m I is the ion mass. The peak energy scales with the square of the time-of-flight of the ion group and the total ion flux can be derived as proportional to the integrated I signal which is determined from the oscilloscope voltage signal. The experiments have been carried out with an ALT (ALT-II, Advanced Limiter Test II) limiter tile retrieved from the TEXTOR tokamak. ALT-II is the main limiter composed of eight blades with 28 tiles each, the total area is 3.4 m 2 . The view of the TEXTOR vacuum vessel and the arrangement of components can be found in [5] , whereas figure 2 shows the examined tile made with graphite (Toyo Tanso, IG-430U). The duty time of the tile was about 4 h of plasma operation under various scenarios. The estimated particle flux to the ALT-II was in the range 3-4 × 10 22 m −2 s −1 corresponding to the total dose of 5-6 × 10 26 m −2 . The deposit thickness in the deposition zone of the plate is 40-50 µm and the deuteriumto-carbon ratio in the film is around 0.1 [16] . Comparative laser irradiation studies have been performed for a virgin graphite plate (Ringsdorff EK98) as a reference target.
Results and discussion

Plots in figures 3(a) and (b)
show signals recorded with IC and IEA, respectively, for a reference graphite plate. These data have been recorded for single laser pulses. Based on the data in figure 3(a) and using equations (1) and (2), the peak energy of ions emitted from that target and measured with IC has been determined at the level of 50 eV. The IEA spectrum ( figure 3(b) ) contains only lines corresponding to carbon ions. The majority are the singly ionized species. This spectrum was recorded after some surface cleaning pulses aiming at the removal of adsorbed gases, such as water vapour.
The results for the co-deposited layer on the limiter tile are shown in figures 4(a) and (b). The peak energy of ions measured with IC ( figure 4(a) ) is around 150 eV, thus being three times greater than for the ions generated from the reference target. This may be attributed to the differences in the surface density and binding states of atoms in pure graphite (sp 3 ) and in the amorphous co-deposit (sp 2 ). Another important factor is probably the poor thermal conductivity of co-deposits [17, 18] due to their weak adherence to the substrate [16] . As a result, the beam energy is absorbed by the surface layer only (not being transferred to the underlying substrate) causing the release of energetic species.
The IEA spectra for co-deposits are considerably more complex than those for a reference target (compare figure 3(b) and figure 4(b) ). Besides the clear 12 C + signal, there are features corresponding to many species present in the codeposit. As expected, the other major constituents are fuel species: deuterium and hydrogen. Boron and silicon originate from the protective coatings deposited on the entire TEXTOR wall by boronization and siliconization. Nickel, iron and chromium are from the liner made with a nickel-rich Inconel R alloy. The other metals detected with IEA are molydbenum (also from the liner) and tungsten from the high-Z limiter testing in the tokamak [19] . The presence of C-13 is mainly attributed to the tracer experiments using 13 C-labelled methane for material migration studies. These results prove an efficient ablation of all components from the co-deposited layer irradiated by the focused beam with power density of approximately 1 × 10 10 W cm −2 . Images in figures 5(a)-(c) show the surface topography of the limiter plate in the initial state, i.e. before the exposure in TEXTOR ( figure 5(a) ), the structure of the co-deposit ( figure 5(b) ) and the surface after irradiation with 80 laser pulses ( figure 5(c) ). The latter image shows the bare graphite substrate thus indicating that the whole co-deposit has been removed. This has been confirmed by means of the energy dispersive x-ray spectroscopy (EDX). Only carbon and small quantities of silicon have been found. The presence of silicon will be discussed in the last paragraph of this section.
In the experiments with a partly focused beam (4-6 mm beam spot, power density of 0.7-1 × 10 9 W cm −2 ), no ion emission from the reference graphite target could be detected. It indicates that the ion current at the distance of 71 cm (i.e. at the location of detectors) was below 1 µA. Under these irradiation conditions, the peak energy of ions emitted from the co-deposit has been around 50 eV, i.e. three times lower than that measured for the same co-deposit at a greater power density. However, the ion fluence measured in both cases was approximately the same: 3 × 10 10 cm −2 . It may indicate that above the threshold energy for ablation, the number of generated ions depends mainly on deposited energy (about 0.7 J per pulse in both cases), whereas the dependence on the energy density is much weaker.
While investigating laser ablation under these conditions, the main aim was to estimate optimal parameters: the laser beam diameter and the number of laser shots for the best effectiveness of the process of the co-deposited layer removal. The crucial parameters to be measured were IEA signals for hydrogen isotope ions before and after the series of shots. This is shown in figure 6 where the emission of ions after the first pulse and then after a series of 50 pulses is compared. The deuterium feature disappears after pulsing, but the silicon is still present. One concludes that under such conditions fuel species are efficiently removed. Microscopy and surface profilometry studies have shown that the irradiation has resulted also in the removal of the entire co-deposited layer (50 µm). Therefore, the presence of the remaining silicon may be tentatively attributed to the laser-induced reaction leading to the formation of silicon carbide on the target.
Concluding remarks
A diagnostic method and setup for studies of laser-induced ion emission from co-deposited layers formed in tokamaks has been under development. Measurements with ion detectors, microscopy and surface profilometry indicate that an efficient removal of the trapped fuel and the co-deposit itself can be accomplished. The results obtained with ICs suggest that at energies greater than the ablation threshold, the ion fluxes of generated plasma depend on the absolute dose of energy of the laser pulse, whereas the dependence on the energy density at the target is less significant. It has also been found that the IEA signal during repetitive laser operation tends to saturate. It is necessary to improve the method of using it as a feedback signal for further automated system applied to laboratory tests. Therefore, future work will be carried out using both quadruple mass spectrometry and optical spectroscopy.
The early results show that the 50 µm thick layer is removed by the total energy in the range 30-50 J (when operating with the energy density of about 2 J cm −2 per shot) per one spot of the diameter of 6 mm. This value indicates that the complete removal of such a co-deposited layer from the surface of 1 m 2 (area corresponding to the total surface area of the deposition zone on the entire ALT-II) would require about 0.6 MJ. The time required for removing the deposit very strongly depends on the laser parameters (e.g. pulse energy, repetition rate). In case of the laser used in this study the removal rate is assessed to be around 15 h m −2 .
